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Introduction
Au to n o m o u s ro b o tic syste m s are in cre asin gly u tilize d in in d u strial en viro n m e n ts, re q u irin g th e d eve lo p m e n t o f m o d e llin g m e th o d o lo gie s a n d to o ls to o p tim ize th e ir o p e ratio n al e fficie n cy. In th is co n text, th e classical asse m b ly-p lan n in g o p tim izatio n p ro b le m h as b e e n exten sively stu d ie d , with n u m e ro u s r ece n t atte m p ts at ap p lyin g th e e arlie r re se ar ch re su lts to T h is p a p e r p re se n ts a n o ve l PT P m o tio n -p lan n in g te ch n iq u e fo r m u ltip le co o r d in ate d asse m b ly r o bo ts, wh ich can b e m o d e lle d as a T SP , u sin g ge n e t ic algo rith m s ( G As) ( G o ld b e rg 19 53) . As an e xa m p le ar ea , th e o p tim izatio n of th e e le ctro n ic co m p o n e n t p lace m e n t p ro cess is u tilize d ( Ch an g et al.. 1987, Fr an cis et al.. 19 94) .
T he travellin g salesperson problem
Man y va r iatio n s o f th is com b in ato rial p ro b le m h ave b e e n ad d r e sse d , in clu d in g th e asym m etr ic, sym m e tric, Eu clid e an , Ch e b ysh e v, p r ize colle ctin g an d tim e -d e p e nd e n t T SP va riatio n s ( D u b o wsky an d Blu b au gh 1989 , N aft 19 89, Bo ze r et al.. 199 0, Ji et al.. 19 92, Le u et al.. 1993 , H u an g et al.. 1994 1.2. T he au gmen ted travellin g salesperson problem (T SP+) In co n tr ast to th e sin gle -ro b o t T SP s, wh er e th e p r im ary o b je ctive is to fin d th e b est se q u en ce fo r N tasks, fo r m u lti-co o r d in ate d -ro b o t p ro b le m s on e m u st also so lve th e re n d ezvo u s-p o in t p lan n in g p ro b le m . In th is au gm e n te d T SP ( T SP+) , th e`sale sp e r so n ' as we ll as th e`cities' h ave m o tio n cap ab ility. N am e ly, fu r th e r p lan n in g is re q u ir e d to ch o o se wh e re th e`salesp e rso n ' sh o u ld re n d e zvo u s with th e`city' .
T h er e e xist two va riat io n s to th is re n d e zvo u sp lan n in g p ro b lem : co n tin u o u s-p ath p lan n in g wh er e two ro b o ts m o ve syn ch r o n o u sly alo n g a co n tin u o u s cu r ve ( Su h an d Sh in 1987, Ah m ad an d Lu o 1989 Lu o , T ab arah et al.. 1994 ; an d PT P p ath p lan n in g wh er e th e ro b ots m o ve in d e p en d e n tly an d o n ly r en d ezvo u s at d iscr e te p o in ts. As o n e o f t h e fe w re se ar ch p r o je cts o n PT P T SP +, Cao et al.. ( 1997 Cao et al.. ( , 1998 ad d r ess th e issu e of in sp e ctio n -task-se q u en ce p lann in g fo r two co or d in ate d ro b o ts. T wo SC ARA ro b o ts ar e u sed to in ve stigate th e T SP + p r o b le m , wh e re o n e ro b o t h o ld s th e in sp e ctio n to o l an d th e o th er h o ld s th e p art to b e in sp e cte d . A se ries o f lo catio n s o n a sp h e re are in sp e cte d b y th e ro b o t p air, wh e r e b o th ro b o ts m o ve to ge th e r to br in g th e in sp e ctio n to o l an d th e p ar t to th e r en d ezvou s lo catio n . U sin g th e sim u late d -an n e alin g te ch n iq u e, th e y we r e ab le to p lan n u m e r o u s p o in t-to -p o in t in sp ection ro u tes. As exp e cte d , th e y sh owe d th at th e coo p e r ative ro b o t con figu r atio n , wh er e b o th r ob o ts m o ve d , wa s faste r th an wh e n o n ly o n e ro b o t m o ve d wh ile th e o th er acte d as a fixtu re .
Au gm en ted travellin g salesperson problem with mu ltiple robots
If an ad d itio n al ( to o l-carr yin g) ro b o t is in tr od u ce d in to a T SP + syste m , wh ich co n tin u o u sly sh a re s its wo rksp ace with th e o th e r ( to o l-carryin g) r o bo t, it wo u ld be n e ce ssar y to d ire ctly ad d r e ss th e co llisio n avo id an ce p r o ble m . Su ch m u ltip le -r ob o t co llisio n avo id an ce p r oblem s h ave b e e n ad d re sse d in two p r im ar y wa ys in th e lite ratu re : co llisio n avo id an ce th r o u gh p ath p lan n in g; an d co llisio n avo id an ce th ro u gh sch e d u lin g ( o r tim e d e lays) ( Fo r e xa m p le , Le e an d Le e ( 1987 ) p ro p o se so lvin g th e collisio n -avo id an ce p ro b le m b y sp e e d ch a n ge s, wh ich in tro d u ce a tim e d e lay in o n e o f th e two r o b ots. Ea ch r o b o t is r ep r ese n te d b y a sin gle sp h er e at th e wr ist, an d str aigh t-lin e m o tio n is assu m e d . Fo r p ath s th at are clo se to ge th er , co llisio n m ap s o f tim e ve r su s d istan ce tr ave lled alo n g th e r o b ot p ath are ge n e r ate d .
Pro ble m de finitio n and so lutio n ap pro ach
In e le ctro n ic asse m bly, co m p o n e n ts m u st b e p lace d on to th e PCB in a tim e -e fficie n t m an n e r. T h e fir st task is th e co n figu ratio n o f th e PCB, wh e r e co m p o n e n t lo catio n s ar e d e te r m in e d su b ject to co n stra in ts an d ob je ctive s. In th is r ese arch it is assu m e d th at th is task h as alre ad y b e e n carr ie d o u t. It is also assu m e d th at th e co m p o n e n t- 
Problem defin ition
In th is sectio n , th e p ro b lem will b e d e fin e d fo r b o th th e sin gle -an d two -ro b o t case s. 
In ( 3) 
wh e re th e in d ex k in th e su m m atio n co rr e sp o n d s to th e last co m p on e n t p icke d fro m th e CD S u n d e r co n sid e r atio n .
T h e co m p le te e q u atio n fo r a sin gle cycle C i is th e n th e su m o f th e first p ar t o f th e cycle pick C i an d th e se co n d p ar t o f th e cycle place C i :
1 pk c i 1 pl c i 
The two -ro bo t pro ble m
Se ctio n 3 p re se n ted th e o b jective fu n ctio n fo r th e sin gle-r o b ot T SP+ p ro b le m . T h is se ctio n will first d e fin e th e o b je ctive fu n ctio n fo r th e two -ro b o t case an d th e n so lve t h e T SP + p r o b le m fo r t h e g e n e r ic syst e m con figu r atio n sh o wn in figu r e 6. Fo r clarity p u rp o ses, th e co llisio n avo id an ce issu e will b e ad d r e sse d , in se ctio n 4.2, o n ly after th e se q u e n cin g an d re n d e zvo u sp o in t-p lan n in g p ro b le m s h ave b ee n d iscu sse d in se ctio n 4.1. 
Calcu latin g motion times.
T h e cycle tim e C i fo r tworo b o t system is d e fin ed by
wh er e th e ro b o t tim e R t i is th e tim e in wh ich th e ro b o t u n d er co n sid e r atio n e xe cu tes all tasks r eq u ire d an d m o ve s fro m th e last p lace m e n t lo catio n to b e re ad y to p lace th e n e xt co m p o n e n t at th e cu r re n t p lace m e n t lo catio n . T h e X -Y tab le tim e t t i is th e tim e th e tab le take s to m o ve fro m th e last p lace m e n t lo catio n to th e cu rre n t p lace m e n t lo catio n . T h e r o b o t cycle tim e R t i can b e d ivid e d in to : th e tim e b e fo re th e p ick o p e ratio n , an d th e tim e after an d in clu d in g th e p ick o p e ratio n .
T 
T h e seco n d ter m in ( 9) of f r t i is th e tim e th e cu r re n t ro b o t h as b e e n o ff sin ce its last p lace m e n t o p e ratio n . If th e ith co m p o n e n t is p lace d b y th e sam e r o bo t as th e ( i-1) th com p o n en t, th e n Figu r e 6. Th e two -ro b ot e lectro n ic-co m p on en t p lacem e n t m ach in e con figu ratio n .
of f d t i 5 C i 2 1 2 m ax [( pk r t i 2 1 2 of f r t i 2 1) ,
O th e rwise , it is p icke d fr o m th e ot h e r CD S, wh e re it is also n ece ssary to ad d all th e o th e r cycles th at th e CD S h as b ee n o ff: ( 8) is o bt ain e d as fo llo ws:
T wo-robot problem with collision -avoidan ce con sideration s
As d iscu ssed in se ctio n 1 th e two b asic collisio navo id an ce ap p r oach e s n o ted in th e lite ratu r e are th e p a th -p la n n in g Fo r a give n G A gen o m e, p o ten tial co llisio n s are ave rte d b y ad d in g a safety d e lay to o n e o f th e t wo ro b o ts. T h u s, th e tim e it take s to co m p le te th e asse m b ly for th at p articu lar co n figu r atio n b eco m e s lo n ge r ( th e fitn e ss o f th e ge n o m e th at is b ase d on th e asse m b ly tim e b e co m e s lo we r) . T h is is wh e r e th e co r re ctio n fo r co llisio n avo id an ce as p ar t of t h e G A-o p tim izat io n eva lu atio n b e co m e s va lu ab le. Sin ce th e var iab le s th at affe ct th e o p tim izatio n o f th e system also d e te r m in e wh e th e r collisio n s o ccu r , a se p a rate co llisio n -avo id an ce co r r ectio n carried o u t afte r th e p ath -p lan n in g o p tim izatio n co u ld in ter fer e with th e re su lt. H e re , with th e co llisio n avo id an ce in te gr ate d in to th e o p tim izatio n , as is p o ssib le with th e G A, it is still p o ssib le to e n su re th at th e so lu tio n is n o t o n ly co llision fre e b u t also o p tim ize d .
T he objective fu n ction .
T h e GA o b je ctive fu n ctio n e va lu ate s a ge n om e an d assign s a fitn e ss va lu e to it. In th is se ctio n th e o b je ctive fu n ctio n is id e n tical to th e o n e p r ese n te d in se ctio n 4.1.2 with an ad d itio n al te rm r e lated to co llisio n avo id an ce .
Calcu latin g motion times.
T h e cycle tim e C i is calcu lated u sin g ( 8) . H o we ve r, th e e xp re ssio n fo r th e r o b o t cycle tim e is m o d ifie d b y o n e ad d ition al safe tyd e lay te r m s d r t i :
Be fo re th e u se o f th e safe ty-d e lay te rm in ( 16) ( 2, 35, 28, 14, 9, 12 , 11, 21 , 17 , 32, 31 , 10 , 18, 36 , 29 , 1, 6, 8, 5, 3, 0, 25, 33, 34, 30, 7, 15, 24, 26 , 22, 20, 4, 19, 27, 16, 13, 23) . T h e sim u latio n for th e two -ro b o t case re su lte d in a tim e o f 6.123 s with a se q u e n ce o f ( 33, 6, 32, 22, 29, 0, 19, 24, 3, 13, 20, 2, 11, 7, 15, 16 , 9, 27, 14, 18 , 21, 36, 10, 8, 4, 5, 35, 1, 17, 12, 31, 26 , 28, 23, 30 , 25, 34) . 
C o nclusio ns

